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Operational parallels in overall mechanisms of three-dimensional patterning of vertebrate organs are becoming increasingly
apparent. Many key mediators, such as FGFs, BMPs, and sonic hedgehog, participate in organization of a number of organs,
including the lungs, which exhibit a defined proximodistal (P-D) polarity. Recently, Wnt5a a member of the wingless family
of signaling molecules involved in cell proliferation, differentiation, and organogenesis, was shown to underlie the
outgrowth and P-D morphogenesis of the vertebrate limb. In the current study, we show that Wnt5a is expressed in the
mouse lung and plays an important role in lung distal morphogenesis. Analysis of the mutant phenotype in mice carrying
a targeted disruption of the Wnt5a locus shows distinct abnormalities in distal lung morphogenesis as manifested by
distinct truncation of the trachea and overexpansion of the distal respiratory airways. In the face of deleted WNT5a activity,
both epithelial and mesenchymal cell compartments of the Wnt5a(/) lungs exhibit increased cell proliferation. The
overall architecture of the mutant lungs is characterized by overexpansion of the distal airways and inhibition of lung
maturation as reflected by persistence of thickened intersaccular interstitium. Absence of WNT5a activity in the mutant
lungs leads to increased expression of Fgf-10, Bmp4, Shh, and its receptor Ptc, raising the possibility that WNT5a, FGF-10,
BMP4, and SHH signaling pathways are functionally interactive. © 2002 Elsevier Science (USA)
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Integration of cellular proliferation and differentiation is
fundamental to patterned, three-dimensional morphogen-
esis of embryonic tissues. Growth and differentiation of the
embryo along the anterior–posterior and dorsoventral axes
is dependent on coordination of these processes in the three
embryonic germ layers, which contribute pools of stem
cells for the formation of primordia of various embryonic
structures. Thus, cells derived from the primitive streak
mesoderm may be the primary source of mesodermal cells
that form the embryonic tail and trunk (Wilson and Bed-
dington, 1996). As development proceeds, outgrowth of new
structures, such as the lungs, is initiated.
The lung is an internal organ with a highly ordered
structure along the proximodistal (P-D) axis. The primor-
dium of the respiratory organ is contributed by a select
group of foregut endodermal cells that begin to grow against
the splanchnic mesenchyme on day 9.0–9.5 of mouse
embryonic development (Ten Have-Opbroek, 1981). Inter-
actions between the endoderm and mesoderm are essential
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68in patterning of the lung architecture, which includes
precise P-D polarity. Establishment of the P-D axis is
prerequisite to defining the spatial relationship among the
various compartments of the lung, including the trachea,
mainstem bronchi, conducting and respiratory airways, and
the alveoli. Along the pulmonary P-D axis, cell proliferation
and differentiation generate what is believed to be over 40
highly specialized cell phenotypes that render specific func-
tions in the respiratory tract. These include tracheal muco-
ciliary cells (proximal), nonciliated Clara cells (medial), and
alveolar type I and type II cells (distal). Morphogenesis of
the lung along the P-D axis appears to be related to spatial
localization of specific transcription factors and mediators
of cell-to-cell signaling. For example, many key regulators
of lung development, including Shh, Nkx2.1, and Foxa2
(Hnf-3), are expressed in a distinct P-D gradient pattern
within the branching epithelium (for review, see Minoo,
2000; Cardoso, 2000; Mendelson, 2000). In addition, mes-
enchymally derived mediators of lung development, such as
FGF-10, also form a gradient field of signaling around the tip
of the proximodistally branching pulmonary epithelium
(Bellusci et al., 1997a). The sum of such interactions ulti-
mately determines the behavior of the epithelial cells at the
distal end of the branching epithelium.
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Many of the key morphoregulatory pathways identified
to direct organization of various organs, such as FGF, Shh,
and BMPs, have functional parallels in lung development
(for review, see Minoo, 2000). Profound interruption in
distal lung morphogenesis occurs in Fgf-10(/) lungs,
resulting in lack of structures distal to mainstem bronchi
(Min et al., 1998; Sekine et al., 1999). The latter finding
demonstrates the critical importance of FGF-10 signaling in
distal lung morphogenesis. Functional deletion of Nkx2.1
also results in the absence of distal lung structures beyond
the secondary or tertiary bronchi, and BMP4 is reduced or
absent in Nkx2.1(/) lungs (Minoo et al., 1999). Interrup-
tion of BMP4 signaling through lung-specific transgenic
means also results in inhibition of distal lung development
(Weaver et al., 1999). In Nkx2.1(/) lungs, expression of
proximodistally expressed morphoregulatory molecules,
such as SHH, remains intact, but distal lung and differen-
tiated cellular phenotypes, such as alveolar type II cells, are
entirely missing. In contrast, functional deletion of SHH in
Shh(/) mice produces a lung phenotype that is similar to
that of Nkx2.1(/) lungs, but there is evidence of limited
distal structure and cellular differentiation (Pepicelli et al.,
1998). Thus, lung development can be viewed as a two-step
process. Proximal lung morphogenesis is independent of
Nkx2.1 and Shh, whereas distal lung morphogenesis is
strictly dependent on Nkx2.1, which appears to involve at
least partly the BMP4 signaling pathway (Minoo et al.,
1999; Pepicelli et al., 1998).
The WNT family is comprised of cysteine-rich secreted
glycoproteins that are vertebrate homologues of Drosophila
wingless. Members of Wnt family have distinct expression
patterns in the embryo and adult organisms and are critical
for regulation of cell proliferation, differentiation, and
thereby organogenesis. Wnt-1 is essential for midbrain and
cerebellar development (McMahon and Bradley, 1990), and
Wnt-4 is important for kidney pretubular cell aggregate in
mouse embryos (Stark et al., 1994). Targeted disruption of
Wnt2 resulted in runting and approximately 50% fetal
mortality due to abnormal placenta (Monkley et al., 1996).
The Wnt7a knockout mice showed abnormal polarity of
dorsal–ventral and anterior–posterior axes of limb develop-
ment (Parr and McMahon, 1995). The signaling pathway for
majority of WNT ligands involves -catenin. However,
Wnt5a was reported to signal through a noncanonical
pathway that involves the phosphatidylinositol signaling
(Slusarski et al., 1997). Another major site of Wnt5a expres-
sion is the lung (Gavin et al., 1990), suggesting that Wnt5a
may be involved in lung morphogenesis. To date, the role of
Wnt5a in lung development remains unknown. To investi-
gate the functional role of Wnt5a in lung morphogenesis
and differentiation of pulmonary-specific cell types, we
have examined the phenotype of the lungs in mouse em-
bryos that carry targeted disruption of the Wnt5a locus. The
studies described in this report show that disruption of
WNT5a signaling results in truncation of the trachea and
abnormalities in distal lung architecture without affecting
pulmonary cellular differentiation. Absence of WNT5a ac-
tivity leads to overexpression of Fgf-10, Bmp4, Shh, and its
receptor Ptc in late lung development, accompanied with
attenuation of pulmonary maturation and consequent post-
natal death.
MATERIALS AND METHODS
Generation of Homozygous Wnt5a(/) Mice
Targeted disruption of the Wnt5a locus by inserting a neomycin-
resistance gene construct into exon 2 by homologous recombina-
tion has been described previously (Yamaguchi et al., 1999). The
Wnt5a-heterozygous mice were maintained on genetic background
of C57B/6. Intercrosses of Wnt5a-heterozygous mice were per-
formed to generate Wnt5a(/) mice. Wnt5a(/) mutant mice
die soon after birth, while Wnt5a(/) heterozygotes appear to be
normal and are fertile. Genotyping of the Wnt5a allele was carried
out by PCR using genomic DNA isolated from tails. PCR primers
for determining the mutant allele are GGGAGCCGGTTG-
GCGCTACCGGTGG and GGAGAATGGGCACACAGAAT-
CAAC (Yamaguchi et al., 1999).
RNA Extraction and Northern Blot
Total RNA was isolated from lungs of embryos or neonates at
various developmental stages by using Trizol (GIBCO). Ten or
twenty micrograms of the total RNA were electrophoresed in 1%
RNA formaldehyde agarose gel and blotted. Blots was hybridized
with probes specific for Wnt5a, Shh, Ptc, Fgf-10, Spry2, Bmp4,
Nkx2.1, or GAPDH (Hamdan et al., 1998) and then autoradio-
graphed or measured with PhosphoImager (Storm 860; Molecular
Dynamics, Inc.) to determine the quantity. The Wnt5a probe
derived from the 3 UTR of mouse Wnt5a cDNA and the 0.64-kb
Shh cDNA were kindly provided by Dr. Andrew P. McMahon
(Harvard University). The probe for Ptc was a 0.7-kb fragment from
the Ptc cDNA (kindly provided by Dr. Matthew P. Scott, Stanford).
The probe for Bmp4 was a 1.5-kb Bmp4 cDNA (kindly provided by
Dr. Brigid L. M. Hogan, Vanderbilt University). The probe for Fgf-10
was a 0.6-kb PCR product of the Fgf-10 coding region. The probe for
Spry2 is a 1.72-kb Spry2 cDNA (GenomeSystems, Inc). The probes
for Nkx2.1 and GAPDH were as reported by Hamdan et al. (1998).
In Situ Hybridization
Whole-mount in situ hybridization was performed as described
by Wilkinson (1992) and Hargrave and Koopman (2000) with the
following modifications. In brief, RNA anti-sense and sense probes
of Wnt5a were prepared with digoxigenin as label and a 1.1-kb
cDNA of Wnt5a 3-UTR as template. E12 mouse embryo and lung
were fixed with 4% paraformaldehyde (PFA) in calcium/
magnesium-free DEPC–PBS at 4°C. The tissues were then washed,
treated with 10 mg/ml proteinase K for 5 min, refixed in 0.2%
glutaraldegyde/4% PFA for 20 min, and then incubated with
hybridization mix, including the anti-sense or sense DIG-labeled
RNA probe at 55°C overnight. Anti-DIG-AP conjugate (Boehringer
Mannheim, Germany) was used to detect the RNA probe, and the
color was developed with NBT and BCIP. At last, embryos and
lungs were washed in PBS with 1% Triton X-100 for decreasing
background until the signal color had developed to the desired
extent. The E12 lungs hybridized with Wnt5a anti-sense or sense
probe were then embedded in paraffin and sectioned to determine
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the location of hybridization. In situ hybridization of paraffin-
embedded lung sections was performed as described in the protocol
of RNA Color Kit (Amersham Life Science).
Immunohistochemistry
For immunohistochemistry, 5-m tissue sections were prepared.
Subsequent to deparaffinization, the sections were hydrated,
heated in 10 mM citrate buffer (pH 6.0), and treated with 1% H2O2
in methanol for 10 min and blocked with 10% of normal serum.
The sections were then incubated with primary antibodies at 4°C
overnight. Biotinylated secondary antibody and streptavidin-
peroxidase conjugate (Zymed Laboratory, Inc.) were used to detect
the bound antibodies. The sections were developed with diamino-
benzidine. Primary antibodies that were used are: NKX2.1 (Neo-
markers, Inc.), PECAM1 (PharMingen International), CC10 (gift
from Dr. F. Demayo, Baylor College of Medicine), SP-B (Chemicon
International, Inc.), SP-C (Chemicon International, Inc.), PCNA
(Zymed Laboratories, Inc.), and WNT5a (R&D Systems).
Transmission Electron Microscopy
Selected lung tissues used for the ultrastructural observations
were carefully dissected from the embryos and immediately im-
mersed in paraformaldehyde–glutaraldehyde fixative (Karnovsky,
1965) for 2 h at 4°C. After primary fixation, the specimens were
rinsed in 0.1 M cacodylate buffer for 10 min, postfixed in 2%
osmium tetroxide in 0.1 M cacodylate buffer for 2 h at 4°C, and
dehydrated through a series of alcohols. The specimens were
embedded in Eponate 12 (Ted Pella Inc., Redding, CA). Thick (1
m) sections were cut by using an MT-2b Sorvall ultra-microtome
and stained with 1% toluidine blue. The sections were examined
by light microscopy, and the area of interest for subsequent
ultrastructural analysis was determined and photographed.
The Epon blocks were trimmed down to the selected area. Thin
sections with silver to gray interference colors were cut with a
diamond knife and a Reichert-Om-U3 ultra-microtome. The thin
sections were mounted on carbon-coated grids, stained for 10 min
with lead citrate and for 5 min in aqueous saturated uranyl acetate,
rinsed in distilled water, and dried. The sections were observed by
using a JEOL 1200EX electron microscope operated at 80 kV and
photographed.
RESULTS
Wnt5a Is Expressed during Lung Development
In whole embryos, Northern blot analysis of total RNA
has identified at least five distinct Wnt5a transcripts, rang-
ing in size from 4.6 to more than 8 kb (Gavin et al., 1990).
In the current study, we first used Northern analysis of total
RNA and found three discernible Wnt5a transcripts of 4.6,
6.0, and 7.0 kb, expressed as early as embryonic day E12
(data not shown). Subsequently, spatial distribution of
Wnt5a mRNA was determined by in situ hybridization and
immunohistochemistry. Using a Wnt5a cDNA probe,
whole-mount in situ hybridization for Wnt5a in E12 mouse
embryos demonstrated transcripts at the tip of various
growing appendages, but particularly in the snout, man-
dible, tongue, and genital tubercle (Fig. 1A). Expression of
Wnt5a also occurs in the limb, where the highest level can
be found in the distal mesenchyme surrounding the digit
primordia (data not shown; and Yamaguchi et al., 1999).
Similar patterns of expression were observed in previous
studies (Yamaguchi et al., 1999). In embryonic lungs,
Wnt5a transcripts were detected in both mesenchymal as
well as the epithelial compartments of the developing
tissue. However, more intense signaling appeared to be
localized at the tip and around the branching epithelium
(Fig. 1E). The highest level of Wnt5a expression however
was localized to the area of the pharynx (Fig. 1C). Immuno-
histochemical staining of wild type lung tissue was per-
formed with a commercially available antibody to confirm
the in situ results (Fig. 2). Specificity of this WNT5a
antibody was demonstrated by its use of gestationally
matched Wnt5a(/) lung tissue (Figs. 2B, 2D, and 2F). In
E12 wild type lungs, there was low-level, diffused expres-
sion of WNT5a protein that appeared to be localized to both
the epithelial and the mesenchymal compartments of the
lung (Fig. 2A). The latter finding is consistent with low-
level Wnt5a mRNA detectable at E12 by Northern analysis
(data not shown). In E16 lungs, both abundance and spatial
distribution of WNT5a become dynamic. At this stage,
intensity of WNT5a staining in the epithelium is increased
compared with that of mesenchyme. In addition, we ob-
served a clear P-D gradient of WNT5a protein distribution,
wherein the highest level of WNT5a is localized to the
distal, branching tip of the airway, and comparatively little,
if any, WNT5a was found in the proximal epithelium (large
arrow in Fig. 2C). At E18, however, WNT5a protein was
localized primarily, if not exclusively, to the epithelium
with intense staining in cells surrounding the large and
small airways (Fig. 2E). Expression of Wnt5a in the trachea
and the esophagus was also studied. At stage E12, low levels
of WNT5a protein were found in the rudimentary endoder-
mal origins of both trachea and esophagus with relatively
higher levels found in their associated mesenchyme (data
not shown). As in the lung, WNT5a protein in the trachea
and the esophagus becomes primarily localized to the
epithelium of both tissues in E16 embryos (data not shown).
The observed dynamic temporal and spatial expression of
WNT5a during embryonic development of the lung sug-
gests a potentially critical role for Wnt5a in lung morpho-
genesis.
Wnt5a Is Necessary for Normal Distal Lung
Morphogenesis
To examine the functional role of Wnt5a in lung devel-
opment, we characterized the morphology and biochemical
and molecular phenotype of lungs from homozygous Wnt5a
mutant mouse embryos. Wnt5a(/) neonates die shortly
after birth due to what appears to be respiratory failure
(Yamaguchi et al., 1999). Figure 3 shows the overall gross
phenotype of embryonic lungs from control (Fig. 3A) and
Wnt5a(/) E18 embryos (Fig. 3B). The Wnt5a(/) lungs
have the correct number of lobes (Figs. 3C–3L), and show
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increased lung/body wet weight ratio compared with the
wild type littermate [4.79% for Wnt5a(/) and 4.13% for
wild type littermate of E18 gestation]. An easily observable
abnormality is the phenotype of the trachea from
Wnt5a(/) lungs, which is foreshortened with reduced
number of cartilage rings (Figs. 3B and 4B arrows), reminis-
cent of the abnormal limbs that were found to be foreshort-
ened along the P-D axis (Yamaguchi et al., 1999). However,
unlike the phenotype of other experimentally induced mu-
tations in the murine lung [e.g., Nkx2.1(/) or Shh(/)],
no tracheoesophageal fusion was observed in Wnt5a(/)
animals. Also, within the inner wall of the dysmorphic
trachea, cellular differentiation of secretory and ciliated
cells appeared to be normal (data not shown).
In the latter part of gestation, the primary architecture of
the lung that is the product of branching morphogenesis
undergoes extensive remodeling or maturation that
involves progressive thinning of the walls separating
the individual airspaces (sacculi). Figure 4 shows the
hematoxylin– eosin (H&E)-stained sections of the
Wnt5a(/) lungs in comparison to the wild-type tissue
from E18 embryos. In comparison to the wild type, a strik-
ing phenotype of the Wnt5a(/) lungs at this stage of
development is the hypercellular and thickened intersti-
tium (intersaccular walls). During mid to late gestation, it is
difficult to distinguish epithelial and mesenchymal cells in
the embryonic lung without the use of cell-specific mark-
ers. To determine whether the thickened interstitium ob-
served in Wnt5a(/) lungs is due to increased relative
numbers of epithelial or mesenchymal cells, we performed
immunohistochemistry with antibodies to NKX2.1, a
highly specific nuclear marker for pulmonary epithelial
cells (Zhou et al., 1996). Figures 5A–5F show an increased
number of terminal airways (saccules) in E16 Wnt5a(/)
lungs. In three independent sets of histological samples, the
average increase in the number of distal branch points was
17% (P  0.024). Correspondingly, a preponderance of
NKX2. 1-immunoreactive epithelial cells was observed in
E18 embryonic lungs (Figs. 5G and 5H). Thus, absence of
WNT5a activity results in overexpansion of distal airways,
without a detectable change in the P-D distribution of
NKX2.1. Since, as shown in Fig. 5, the intersaccular walls
(i.e., NKX2.1-negative regions) in Wnt5a(/) lungs are
also significantly thickened compared with wild type con-
trols, the mesenchymal component of the mutant lung
must also contribute to its hypercellularity. The latter phe-
notype has been observed by other investigators in other
genetically or otherwise altered lung phenotypes and is
interpreted as inhibition of normal lung maturation (inter-
stitial condensation) that occurs in late lung development.
Although the mechanisms remain unknown, maturational
remodeling is absolutely essential for physiological func-
tion of the gas-exchange units known as alveoli. Thus, the
absence of WNT5a activity appears to: (1) cause abnormal
overexpansion of the distal airways in early lung develop-
ment, and (2) interfere with the process of lung maturation.
Vascular Maturation in Wnt5a(/) Lungs
Extrauterine transition requires functional maturation of
the lung and particularly structural and physiological cou-
pling of airways to the circulatory system. To accomplish
such architecture, capillary and epithelial morphogenesis
are tightly coordinated in late lung development. In the face
of overexpansion of the distal airways, we also examined
the status of capillary development in Wnt5a(/) lungs by
determining the spatial pattern of immunoreactive PE-
CAM1 as a marker of endothelial cell differentiation. These
FIG. 1. Expression of Wnt5a mRNAs in the embryonic lungs by
in situ hybridization. (A, B) Whole-mount in situ staining of E12
mouse embryos with Wnt5a antisense and sense probe, respec-
tively. Arrows indicate the sites of positive staining. (C, D) Whole-
mount in situ hybridization of E12 lungs with Wnt5a antisense and
sense probe, respectively. (E) Section of the E12 lung shown in (C).
Note the mesenchyme (“m”) is positively stained. The distal parts
of the airway epithelium (“ep”) are also stained (arrows). Scale bar,
(A, B) 500 m; (C, D) 440 m; (E) 100 m.
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studies showed what appears to be normal distribution of
PECAM 1-positive endothelial cells surrounding the saccu-
lar structures in E18 Wnt5a(/) lungs very similar to the
pattern obtained in wild type lungs, even though the
mutant lungs are clearly overbranched as compared with
the control (Figs. 6A and 6B). However, transmission elec-
tron microscopic examination of E18 Wnt5a(/) lungs
showed that capillary/alveolar apposition had not pro-
gressed normally and many capillaries remained embedded
within the interstitium (Fig. 6D). In contrast, capillaries in
the control lungs are appropriately apposed to the alveolar
spaces allowing the potential for efficient gas exchange at
birth (Fig. 6C). Therefore, the absence of WNT5a activity
also interferes with normal functional coupling of the
airways to lung capillaries, which potentially contributes to
the demise of newborn Wnt5a(/) mice by asphyxia.
FIG. 2. Distribution of WNT5a in E12, E16, and E18 lungs by immunohistochemistry. A WNT5a antibody was used to immunolocalize
WNT5a in E12, E16, and E18 wild-type (A, C, E) and Wnt5a(/) lungs (B, D, F). The airway epithelium is designated by “ep,” whereas “m”
designates the pulmonary mesenchyme. Large arrows indicate the proximal airways and thin arrows indicate positive staining of the cells
in the distal airway in (C) (E16) and cells around the alveolar sacs in (E) (E18). Sections were counterstained with hematoxylin. Scale bar,
100 m.
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Absence of WNT5a Increases Lung Cellular
Proliferation but Does Not Arrest Cellular
Differentiation
To determine the status of cell proliferation in
Wnt5a(/) lungs, we performed immunohistochemistry
with an antibody to proliferating cell nuclear antigen
(PCNA). As shown in Fig. 7, the ratio of proliferating cells
over the total number of cells is increased in Wnt5a(/)
lungs when compared with the wild type controls. As
compared with the wild type, the increase in the number of
proliferating cells in the Wnt5a(/) lungs is greater in E18
compared with E16 embryos. This contrasts with the pre-
vious findings that showed reduced number of cells in the
FIG. 3. Comparison of E18 Wnt5a(/) and control lungs. Both control lungs (A) and Wnt5a(/) lungs (B) were dissected from embryos
from the same mother at stage E18. (C–G) The individual lobes of the wild-type control lung. (H–L) The individual lobes of the Wnt5a(/)
lung. “cr”: right cranial lobe; “med”: right median lobe; “ca”: right caudal lobe; “le”: left lobe; “acc”: accessory lobe. Arrow indicate the
foreshortened phenotype of the Wnt5a(/) trachea. Scale bar, (A, B) 1.0 mm; (C–L) 1.4 mm.
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FIG. 4. Histology of the Wnt5a(/) and control lungs. (A, B) Sagital sections of the E18 control trachea and Wnt5a(/) trachea,
respectively, are shown with H&E staining. The number of cartilage rings was 16 for the control and 8 for the Wnt5a/ trachea. (C, D)
Sections of the E18 control lung and Wnt5a(/) lung, respectively, are shown with H&E staining. (E, F) Higher magnification of the E18
lungs show the thickened interstitium in the Wnt5a(/) lung. Scale bar, (A, B) 725 m; (C, D) 290 m; (E, F) 100 m.
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S-phase of the cell cycle in the Wnt5a(/) limb progenitor
(Yamaguchi et al., 1999). We further determined whether
the absence of Wnt5a interferes with epithelial cell differ-
entiation in Wnt5a(/) lungs by immunohistochemistry
using commercially available antibodies against the cellu-
lar markers, surfactant protein B and C (SP-B and SP-C,
FIG. 5. Distribution of NKX2.1 by immunohistochemistry. (A–F) Immunostaining of NKX2.1 in E16 wild type (A, C, E) and Wnt5a(/)
lungs (B, D, F), respectively. (C, E) and (D, F) are higher magnification of regions from wild type lung (A) and Wnt5a(/) lung (B),
respectively, showing the NKX2.1 staining in the distal (C, D) and proximal (E, F) airways. Arrows indicate the distal airways where the
epithelial cells are positively stained for NKX2.1. “P” indicates the proximal airway. (G, H) Immunostaining of NKX2.1 in E18 control lung
(G) and Wnt5a(/) lung (H). Expression of the NKX2.1 is strongest at epithelial cells around the alveolar sacs designated by the letter “S.”
Scale bar, (A, B) 380 m; (C–H) 50 m.
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respectively), and the Clara cell secretory protein, CC10.
Although expressed early and throughout lung develop-
ment, SP-C is a useful differentiation marker for the distal
lung epithelium and in particular for the alveolar type II
pneumocytes (Wert et al., 1993). Onset of CC10 expression
occurs at around E17.5, specifically in the Clara cells lining
the terminal bronchioles and is used as a cell differentiation
marker for proximomedial airway epithelium (Singh et al.,
1993). In wild type lungs, SP-B is found in both bronchiolar
(proximal) and distal lung epithelium, including alveolar
type II cells (Kalina et al., 1992). Our studies showed that all
three markers are present in the Wnt5a(/) lungs (data
not shown), suggesting that absence of WNT5a activity
does not interfere with differentiation of highly specialized
lung epithelial cells. Presence of transcripts for Cc10, and
Sp-c in Wnt5a(/) lung, was also confirmed by RT-PCR
(data not shown). However, electron microscopic analysis
showed that the Wnt5a(/) lungs contain many cells with
large glycogen content compared with the wild type (Fig. 6).
Since normal differentiation of alveolar type II pneumo-
FIG. 6. (A, B) Capillary distribution in the control and Wnt5a(/) lungs by immunohistochemistry with PECAM1 antibody. Sections
were counterstained with methyl green. Note the capillaries in the control lung are located to the edges of the alveolar septa and apposed
to the alveolar space as indicated by the arrows in (A). (C, D) Transmission electron microscope analysis of the control and Wnt5a(/)
lungs. Both control and Wnt5a(/) lungs show the presence of lamellar bodies in the alveolar space. The red blood cells located in the
capillaries are indicated with a “C.” Capillaries in the Wnt5a(/) lung are embedded, but capillaries in the control lung are appropriately
apposed to the alveolar spaces. Note the glycogen (Gly) content in the Wnt5a(/) lung is much more than the control lung. “N” represents
nucleus, and “A” represents alveolar space. Scale bar, (A, B) 50 m; (C, D) 4 m.
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cytes is accompanied with a distinct decrease in glycogen
content, these data indicate that differentiation of these
cells in Wnt5a(/) lungs occurs either slowly or incom-
pletely. The incomplete metabolism of glycogen contents
occurs in the face of morphological findings of lamellar
bodies extruded into the alveolar spaces by what appears to
be differentiated type II pneumocytes (Fig. 6). Thus, absence
of WNT5a activity may slow but not completely inhibit
pulmonary epithelial cell differentiation.
Shh and ptc Are Increased in Wnt5a(/) Lungs
To determine the possible mechanisms by which the
absence of WNT5a activity results in the phenotype de-
scribed above, we examined the expression of a number of
key regulators of lung morphogenesis by Northern blot
analysis. Two lines of reasoning led us to examine the
expression of Shh and its relationship with Wnt5a in the
lung. First, ectopic lung-specific overexpression of Shh from
FIG. 7. Immunostaining for PCNA in E16 and E18 lungs. (A, B) Immunostaining for PCNA in E16 control and Wnt5a(/) lungs,
respectively. (C, D) Immunostaining of PCNA in E18 control and Wnt5a(/) lungs, respectively. The percentage of the proliferating cells
(PCNA-positive) out of total number of lung cells at each stage of lung development were recorded and are shown in the table. The
percentage of proliferating cells was compared between the control lungs and Wnt5a(/) lungs. The P value was calculated and is less than
0.005 for E16 and less than 0.001 for E18. Scale bar, 50 m.
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an Sp-c promoter/enhancer construct (Sp-c:Shh) in trans-
genic mice yields a phenotype that includes thickened
interstitial walls in E18 lungs accompanied with overpro-
liferation of both epithelial and mesenchymal cells, similar
to the phenotype of Wnt5a(/) lungs (see above; and
Bellusci et al., 1997b). Secondly, in Drosophila, regulation
of wg and hh signaling is linked, and the vertebrate Wnt7b
has been found to regulate Shh in murine presumptive
dental ectoderm (Sarkar et al., 2000). Based on these find-
ings, we determined the expression of Shh and its receptor
ptc in Wnt5a(/) lungs by quantitative Northern blot
analysis. As shown in Fig. 8, both Shh and ptc mRNAs are
increased in Wnt5a(/) lungs (36% increase for Shh, and
94% increase for ptc), suggesting a negative regulatory
relationship between Wnt5a signaling and the expression of
Shh and ptc in the embryonic lung. Although expression of
Shh remains elevated in E18 Wnt5a(/) lungs, spatial
distribution of its mRNA, as determined by in situ hybrid-
ization, does not appear to have changed (data not shown).
The mRNA levels for other potentially relevant media-
tors of lung morphogenesis, Fgf-10, Sprouty2 (Spry2), and
Bmp4, were also examined in both wild type and
Wnt5a(/) lungs. Fgf-10 is critical to distal lung morpho-
genesis (Min et al., 1998; Sekine et al., 1999). Consistent
with the observed overexpansion of the distal airways,
Fgf-10 mRNA was increased by 70% in Wnt5a(/) lungs,
whereas its negative regulator, Spry2, was unchanged (Fig.
8). The role of Bmp4 in distal lung morphogenesis has been
demonstrated in a number of studies in transgenic mice
(Weaver et al., 1999) and Nkx2.1(/) embryos (Minoo et
al., 1999). Bmp4 mRNA was increased in Wnt5a(/) lungs
by approximately 42% as compared with wild type. In-
creased expression of Bmp4 may explain the overbranching
of the distal pulmonary epithelium in the mutant lungs.
Interestingly the level of Nkx2.1 transcripts remained un-
changed in Wnt5a(/) lungs, although more NKX2.1-
positive cells were detected by immunohistochemical stud-
ies (Fig. 5). This observation suggests that the relative
abundance of NKX2.1 positive (epithelial) and negative
(mesenchymal) cells in the lung is unchanged; likely due to
the expansion of both epithelial and mesenchymal cell
populations in Wnt5a(/) lungs. The latter is also consis-
tent with the PCNA data presented above.
DISCUSSION
To study the role of Wnt5a in lung development, we have
determined its expression in the developing mouse lung and
characterized the effect of Wnt5a inactivation on lung
morphogenesis in Wnt5a(/) mice. The lungs of
Wnt5a(/) embryos exhibit foreshortened trachea, over-
expansion of the distal airways, and inhibition of lung
maturation as reflected by persistence of thickened in-
tersaccular interstitium. Expression of Fgf-10, Bmp4, Shh,
and Ptc was increased in the Wnt5a(/) lungs, suggesting
that WNT5a, FGF-10, BMP4, and SHH signaling pathways
may be functionally interactive.
Precisely how the absence of Wnt5a results in the lung
abnormalities described in this report remains unknown.
The effect of functional deletion of Wnt5a on limb devel-
opment is truncation of the proximal compartments and
entire absence of distal-most limb structures such as digits
(Yamaguchi et al., 1999). In the respiratory tract of
Wnt5a(/) embryos, the trachea is similarly truncated
along the P-D axis and the number of cartilage rings is
clearly reduced (Fig. 4B). Absence of WNT5a activity, how-
ever does not appear to interfere with morphological differ-
entiation of columnar, ciliated, and nonciliated tracheal
epithelial cells (data not shown). Careful examination of the
Wnt5a(/) lungs showed that absence of Wnt5a signaling
is associated with two distinct early and late phenotypes.
First, during the E15-to-E16 period of lung development,
absence of Wnt5a activity results in overbranching of the
distal airways (early phenotype). Detailed examination of
the number of distal branching points in three independent
sets of histological samples of Wnt5a(/) and wild type
controls showed an average of 17% (P  0.024) increase in
the number of distal branch points in the mutant lungs (Fig.
5). Our finding that in comparison to the wild type, mRNA
levels for Bmp4, but particularly Fgf-10 are increased in
Wnt5a(/) lungs, combined with unchanged Spry2 ex-
pression is consistent with the observed overexpansion of
distal airway compartments (i.e. increased distal branch-
ing). If the distal branching points in the lung are the
anatomical distal equivalents of digits in the vertebrate
limb, then the consequences of Wnt5a inactivation in the
lung parenchyma is the opposite of what has been docu-
mented in the limb (Yamaguchi et al., 1999).
The second consequence of Wnt5a inactivation appears
FIG. 8. Northern blot analysis of Shh, ptc, Nkx2.1, Fgf10, Spry2,
and Bmp4 expression in E18 Wnt5a(/) lungs and control lungs.
“” indicates total RNA isolated from E18 wild type lungs. “”
indicates total RNA isolated from E18 Wnt5a(/) lungs. Each
blot was reprobed with GAPDH to determine the quality and
quantity of RNA loaded. Each result is representative of at least
two sets of independent evaluations.
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to result from inhibition of late lung maturation. This
so-called “late” phenotype is characterized by failure in
progression of saccular structures to alveoli and lack of
interstitial condensation in perinatal fetuses (E18–E19).
The thinning of the interstitium is necessary for perinatal
maturation and development of the gas exchange capabili-
ties of the lung. Transmission electron microscopy showed
that, in Wnt5a(/) lungs, capillary vasculature and alveo-
lar airspaces remain uncoupled, indicating architectural
immaturity of the mutant lungs, which may also explain
the cause of postnatal death. However, Wnt5a activity does
not appear to be necessary for differentiation of the special-
ized pulmonary epithelial cell types. Although Wnt5a(/)
lung epithelial cells contained large glycogen droplets,
indicative of incomplete differentiation, detection of CC10
and SP-C protein and mRNA in these cells suggests that, in
the absence of WNT5a activity, proximal and medial cell
differentiation occurs somewhat normally, albeit perhaps
slowly.
The function of WNT family members in regulating
cellular proliferation has been well documented. Some
studies have suggested that processes of cell polarity, cell
adhesion, and cell movement, such as convergence and
extension, can also be attributed to WNT signaling (Wall-
ingford and Harland, 2001). Our knowledge of the precise
role of Wnt5a in cellular processes, such as convergence or
extension, remains relatively incomplete. Myers et al.
(2002) demonstrated that, during zebrafish gastrulation,
high BMP activity inhibited Wnt5a gene expression and
convergent extension, but not cell fate specification. In
contrast, expression of Xenopus Wnt5a (Xwnt5a) in Keller
explants severely inhibited convergent extension (Walling-
ford et al., 2001). In the current study, contrary to the
findings in Wnt5a(/) limbs, we found a significant in-
crease in cell proliferation in Wnt5a(/) lungs (Fig. 7).
This findings indicates that WNT5a signaling may regulate
lung cellular proliferation during embryonic development.
The role of Wnt5a in cellular proliferation is well estab-
lished (Yamaguchi et al., 1999). In limb morphogenesis,
Wnt5a is expressed in the Progress Zone (PZ), the site of
cellular proliferation in the limb bud. Although a PZ per se
has not been identified for the lung, it is interesting to note
that potential genetic and operational parallels may be
recognizable in both limb and lung development. For ex-
ample, in the limb, fibroblast growth factors (FGFs) are
produced by the AER and are thought to participate in
assignment of positional information (Niswander et al.,
1993). Similarly, FGFs are expressed in the mesenchyme of
the lung, and abrogation of FGF-10 signaling leads to
profound interruption of distal lung growth (Min et al.,
1998; Sekine et al., 1999). Yamaguchi et al. (1999) found
decreased cell proliferation in the PZ of Wnt5a(/) limbs
associated with truncation of the proximal skeleton and
absence of distal digits. In contrast, however, we found
increased cellular proliferation in Wnt5a(/) lungs that is
accompanied by expansion of distal lung architecture. In
this regard, although in general, expression of Wnt family
members is associated with increased cell proliferation and
carcinogenesis, Olson and Papkoff (1994) reported that
down-modulation of Wnt4 and Wnt5a correlates with cell
proliferation in mammary cells. Furthermore, Bui et al.
(1997) found decreased Wnt2, Wnt3, and Wnt5a mRNA in
endometrial carcinoma, compared with normal endome-
trium, suggesting cell type- and tissue-dependent variabil-
ity in the role of WNT signaling. Increased proliferation
documented by PCNA in Wnt5a(/) lungs is supported by
the findings of hypercellularity and increased epithelial cell
numbers as ascertained by NKX2.1 immunohistochemical
staining (Fig. 5). However, as pointed out by Yamaguchi et
al. (1999) for limb morphogenesis, we also cannot rule out
the possibility that the Wnt5a(/) lung phenotype is
caused through abnormalities in additional cellular pro-
cesses, such as cell adhesion or cell polarity.
As compared with wild type, the relative “lung-to-body”
weight ratio is altered in Wnt5a(/) mice, accompanied
by an increase in peripheral branching (Figs. 4 and 5).
However, as development progresses, E18 Wnt5a(/)
lungs exhibit reduced interstitial condensation that under-
lies the basis of perinatal lung maturation likely mediated
through maintained high level expression of Shh (Fig. 8).
During normal lung development, expression of Shh, which
is high in E12–E15 lungs, begins to decrease in the pulmo-
nary epithelium (Bellusci et al., 1997b). In transgenic mice,
ectopic maintenance of Shh gene expression, using the
surfactant protein C gene (Sp-c) promoter is accompanied
by failure in interstitial condensation (Bellusci et al.,
1997b). The phenotype of the Sp-c:Shh transgenic lungs is
nearly identical to the phenotype of perinatal Wnt5a(/)
lungs (Fig. 4). Since, compared with wild type, expression of
Shh in Wnt5a(/) E18 lungs is increased by nearly 40%
(Fig. 8), we propose that WNT5a signaling is necessary for
down-regulation of Shh in E15–E18 lungs. Thus, failure to
undergo interstitial condensation in Wnt5a(/) lungs (late
phenotype) may be explained by maintenance of Shh ex-
pression due to absence of Wnt5a activity. Whether Wnt5a
directly or indirectly regulates Shh is being currently stud-
ied.
In Drosophila, expression of wg and hh are tightly linked
during gastrulation and germ band extension. Thus, HH
stimulates the expression of wg in the adjacent cells
through a signaling mechanism that involves the product of
the gene patched (ptc). In turn, Wg functions to maintain
the expression of engrailed (en), which controls the expres-
sion of hh (Ingham, 1998; Siegfried et al., 1994; Dominguez
et al., 1996). Shh is the vertebrate homologue of Drosophila
hh, and is highly expressed in the developing pulmonary
epithelium (Bellusci et al., 1997b). In the only available
study in vertebrates, ectopic expression of Wnt-7b in mu-
rine presumptive dental ectoderm was found to repress Shh
as well as ptc in the adjacent cells (Sarkar et al., 2000). In
this study, we demonstrated that disruption of Wnt5a gene
expression caused increased Shh and Ptc mRNA in the
embryonic lung. The thickened interstitium and overpro-
liferation in Wnt5a(/) lungs shows a phenotype similar
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to that of lungs with ectopic Shh overexpression (Bellusci et
al., 1997b). Elucidation of precise functional relationship
between Wnt5a and Shh signaling during lung morphogen-
esis requires further investigation. Characterizing the phe-
notype of the extremities and the facial structures of
knockout mice, Yamaguchi et al. (1999) concluded that
WNT5a signaling regulates the organization of structures
whose development requires extension from the primary
body axis. The data presented here clearly show that
WNT5a also participates in distal morphogenesis of inter-
nal organs, such as the lungs.
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